Forty-nine isolates of Bradyrhizobium japonicum indigenous to a field where soybeans were grown for 45 years without inoculation were characterized by using four DNA hybridization probes from B. japonicum.
One of the major agronomic problems of applying Bradyrhizobium japonicum strains as inoculants is that indigenous soil populations of the bacteria are often more competitive than the inoculant strains. In approaching this problem, it is essential to characterize the natural populations of indigenous competitors. Traditionally, isolates of B. japonicum have been characterized by using serology (2, 8, 9, 16, 29), antibiotic resistance (19, 27) , protein banding patterns (28) , phage typing (18) , fatty acid composition (19) , hydrogenase phenotype (9, 16) , colony morphology (4, 9) , and production of rhizobitoxine (RT) symptoms with soybean plants (9, 20) .
In recent surveys of a collection of B. japonicum strains, a correlation was found between sequence divergence in and around niJDKE genes, RT production, indole-3-acetic acid (IAA) production, Hup phenotype, and extracellular polysaccharide (EPS) composition (23) (24) (25) . The sequence divergence in and around niJDKE clearly divided B. japonicum strains into two different groups, designated genotypes I and II (GTI and GTII), which are most likely to be consistent with two markedly different groups (stl and stII) observed by Stanley et al. (32) and with two major groups (homology groups I and Ia and homology group II) reported by Hollis et al. (14) .
Kaluza et al. (15) discovered two different RSs (RScx and RSP) in the B. japonicum genome that possess the structural characteristics of procaryotic insertion sequence elements.
Half of the RS copies are clustered around the nif region of USDA 110. These RSs may be useful for isolate or strain identification, because the arrangement and copy number of RSs depend on the strain and the genomic positions appeared to be stable even in symbiosis (11, 12, 15) . Thus (31) . After several rinses in sterile water, each nodule was cut in half with a sterile razor. An inoculation needle was inserted into the cut surface of the nodule, and the cells adhering to the loop were streaked onto yeast-mannitol (YM) agar slants (23) . Singlecolony isolations using YM agar plates resulted in 49 pure cultures. Each isolate was derived from different nodules except for three pairs of isolates (NC2a-NC2b, NC4a-NC4b, and NC19a-NC19b), of which each pair was derived from separate nodules.
Bacterial strains, media, and growth conditions. B. japonicum USDA 76, USDA 94, USDA 110, and USDA 122 and the field isolates were grown aerobically at 30°C in sucrose peptone broth medium (17) for their total-DNA preparation. The field isolates were also grown at 30°C for 7 days in DYMB medium (23) and Tris-YMRT broth medium (25, 29) supplemented with 0.3 mM tryptophan for analyses of EPS and IAA, respectively. The B. japonicum bacteria were maintained on YM agar slants at 4°C (23) , and the suspension was used as an inoculant for soybean seeds. Eschenchia coli HB101, containing pRJ676 (13) or pHU52 (21) , was grown in Luria-Bertani medium supplemented with appropriate antibiotics (22 (23) .
DNA isolation. Total DNAs from B. japonicum were isolated as described previously (24) with slight modifications. One hundred milliliters of culture at mid-exponential phase was washed in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) supplemented with 0.1 M NaCl and suspended in 4 ml of TE buffer containing 0.5 mg of lysozyme per ml. After a 10-min incubation at room temperature, 5 ml of a mixture that contained 2.3% (wt/vol) sodium dodecyl sulfate and 0.2 mg of Pronase (Calbiochem-Behring, La Jolla, Calif.) per ml was added, and the reaction mixture was incubated at 37°C for 2 h. The lysate was extracted twice with phenol and once with chloroform-isoamyl alcohol (24:1, vol/vol) and precipitated in the presence of 2 volumes of cold ethanol and 0.1 M sodium acetate. The precipitated DNA was washed in 70% ethanol, dried in vacuo, and dissolved in 0.5 ml of TE buffer.
RNase digestion was carried out as described previously (24) . Nodules excised from 40-day-old soybean plants were homogenized with Mg-phosphate buffer (0.05 M potassium phosphate, 2.5 mM MgCl2, pH 6.0). The homogenates containing bacteroids were passed through four layers of cheesecloth and centrifuged at 15,000 x g for 10 min. Total DNAs from the pelleted bacteroids were isolated as described above.
Plasmid DNAs from E. coli were prepared by standard techniques (22) . DNA restriction fragments were recovered from agarose gels by the procedure of Chen and Thomas (3) .
Hybridization. Total DNAs digested with HindIII or XhoI were subjected to electrophoresis in horizontal 0.8% agarose-TAE and transferred onto nylon filters (Hybond-N; Amersham, Tokyo) (22) . DNA hybridization procedures were the same as those described previously (24) . Hybridization probes were prepared from pRJ676 (13) and pHU52 (21) , which are the recombinant plasmids carrying the nif region of B. japonicum USDA 110 and the hup region of B. japonicum 122DES; a 3.5-kb BglII fragment, a 0.2-kb HindIII-ClaI fragment, and a 0.25-kb XhoI-BglII fragment from pRJ676 were used as probes for nifDK, RSa, and RSP, respectively (Fig. 1) . The 2.2-kb SstI fragment from pHU52 was used as a probe for hup structural genes (5, 24) . These probes were labeled with [a-32P]dCTP by the procedure of Feinberg and Vogelstein (6, 7) .
To determine the genotype grouping (GTI and GTII) based on the sequence divergence in and around nifDKE, HindIII was used for digestion of total DNAs because hybridization of nifDK to HindIII digests gives rise to the most distinctive difference between GTI and GTII (24) . To ascertain the stability of RSs on the genome, total DNAs of USDA 110, USDA 122, USDA 94, and USDA 76 were prepared from original culture, bacteria transferred successively 10 times, root nodule bacteroids, and reisolates from bacteroids and were digested with XhoI. Their blots were then hybridized with RSa and RS sequences. The successive transfer was performed by single-colony isolation, performed 10 times, on YM agar plates over 6 months.
XhoI digests of total DNAs from 44 isolates were hybridized with RSs. Total DNAs prepared from the remaining 5 isolates of 49 examined for various traits could not be digested with XhoI, possibly because the DNA preparations were not pure enough for XhoI digestion. Hybridization analysis was performed twice; after the first analysis, new blots were prepared to arrange DNA samples exhibiting similar patterns in order, and these were hybridized with the same probes in the second analysis.
Cluster analysis. To evaluate quantitatively the relatedness of these RS-specific patterns, we have adopted the following equation, which describes the similarity coefficient (SAB) for is the total number of RS-specific bands in A, and T,,(B) is the total number of RS3-specific bands in B. Cluster analysis was performed by an average-linkage method using the similarity coefficient (SAB). GTI and GTII, respectively. Of 49 isolates tested, 36 and 13 isolates were classified into GTI and GTII, respectively. Analysis of EPS composition revealed that the isolates could be separated into two distinct EPS types. Thirty-six GTI isolates excreted an EPS of type A, composed of mannose, glucose, galactose, 4-0-methyl galactose, and galacturonic acid, whereas 13 GTII isolates excreted an EPS of type B, composed of rhamnose and 4-0-methyl glucuronic acid. All GTII isolates produced RT and dihydrorhizobitoxine (a structural analog of RT) in the soybean nodules formed with them and excreted IAA into their culture fluid. In contrast, none of the GTI isolates produced RT, dihydroxyrhibotoxine, or IAA.
RESULTS
Previous hybridization experiments using hup structural genes from B. japonicum as a probe showed that HindIII digests of total DNAs only from Hup+ strains hybridized with a 5.9-kb band under high-stringency conditions, suggesting that the Hup+ phenotype in soybean symbiosis is consistent with the presence of the hup structural genes (24) . Among the field isolates, the 5.9-kb hybridization band was observed only when isolates exhibited a Hup+ phenotype.
With respect to serological grouping, the isolates were divided into nine different serogroups, although three isolates were nonreactive with all of the antisera tested. Eight of the nine serogroups were not shared between GTI and GTII.
The results given above indicated that among the field isolates of B. japonicum, there is a correlation between the genotype grouping, EPS type, RT production, IAA production, and Hup phenotype, which accords with previous reports of a similar relationship in a B. japonicum collection (24, 25) .
Stability of RSs on B. japonicum genome. To use RSs as a tool in strain identification, it is necessary that their genomic positions remain stable during growth in culture and bacteroid development. Using strain USDA 110, Kaluza et al. (15) showed that the arrangement in root nodule bacteroid DNA is the same as that in DNA from bacteria grown in culture. To Fig. 2 ). Three pairs of isolates derived from identical nodules (NC2a-NC2b, NC4a-NC4b, and NC19a-NC19b) showed identical patterns of RS-specific hybridization within the individual nodule. RS-specific hybridization bands with DNAs from two isolates, NC3a and NC32a, were different from the other isolates, because bands were too dense to be distinguished, especially with RSa. This was not due to overloading on the agarose gel or partial digestion of DNAs because (i) the amount of digested DNAs for agarose gels ranged from 1 to 3 ,ug per lane; (ii) the gel for Southern blotting showed complete digestion with XhoI when stained with ethidium bromide and visualized under UV light (data not shown); and (iii) RS-specific hybridization of HindIII digests of their DNAs (data not shown) also showed a high number of bands, similar to the XhoI digestion (Fig. 2) , although nifDKand hup-specific hybridization of the HindIII blot resulted in a single band (Table 1 ). These two isolates grew more slowly in YM (23) , TY (1), or sucrose peptone (17) medium than did the other isolates, although they produced normal soybean nodules and apparently fell into the GTI-Hup+ category ( Table 1) . (25) .
Isolates showing 9.5-and 27-kb nifJK-specific hybridization bands were classified into GTI and GTII, respectively, according to the previously established relationship.
b As judged by the components of EPS (26 (27) . g Determined by agglutination tests with antisera prepared against 10 strains. N, no agglutination occurred with any antiserum tested.
h Pattern number of combinations of RSa-and RSI3-specific hybridizations (Fig. 3) . ND, not determined.
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2.7; RS3, 5.1 + 1.8) when either of the RS-specific bands was compared. However, there was no difference in the average number of RS-specific bands in GTI-Hup+ isolates (RSa, 9.5 + 1.4; RS,B, 7.6 ± 1.6) and GTI-Hup-isolates (RSa, 9.2 ± 1.2; RSP, 7.7 + 1.8).
Within GTI isolates, several RSa-specific bands were highly conserved (Fig. 2 , arrowheads shown in marker [M] lanes). Our pattern of RSca-specific hybridization to total DNA from USDA 110 can be compared with that in Kaluza et al. (15) , since the same restriction enzyme (XhoI) and the same probe (0.2-kb HindlIl-Clal fragment) were used in both experiments. Compared with the RSox-specific autoradiograph of Kaluza et al. (15) , these bands corresponded to (xl, (3, a4 , a8, a9, and a12 copies, which cluster around nif genes of B. japonicum. Therefore, in normal GTI isolates, RSc copies clustered around the nif region were most likely to be well conserved, although the remaining RSaL copies were diverse, which agrees with the results of Hahn and Hennecke (12) .
Correlation between RS-specific patterns and other traits.
Since the patterns of RS-specific hybridization were apparently different in GTI and GTII isolates (Fig. 2) , we evaluated the relatedness of the patterns more quantitatively. The patterns generated by isolates NC3a and NC32a (Fig. 2) were excluded from the calculation of SAB values, because they showed patterns too dense to compare. Thus, we calculated SAB in all pairwise combinations of the remaining 31 RS-specific patterns. Cluster analysis (Fig. 3) (Fig. 3) .
DISCUSSION
Field isolates of B. japonicum were polymorphic in their profiles of hybridization of RS sequences. The genomic positions of RSs appeared to be stable under laboratory conditions and in symbiotic association. Thus, RS-specific hybridization is useful as a tool in strain identification.
Diversity in RS-specific profiles was observed among the field isolates. From 41 nodules were obtained 33 separate isolates, which differed in the genomic distribution of RSs and the base substitution of a XhoI restriction site in and around RSs. RS fingerprinting identified 33 groups and was superior to serology, which identified 11 groups. This suggests that RS-fingerprint grouping may be used to more accurately define variability in the indigenous populations of B. japonicum.
The fact that RS fingerprints were correlated with the nif and hup genotypes (Fig. 3) suggests that they reflect the evolutionary history and genetic background of B. japonicum. Within normal GTI isolates, Hup+ isolates, which possess hup structural genes, formed a single cluster among the field isolates (Fig. 3) . This supports the idea proposed previously that the emergence of Hup+ strains may be a recent evolutionary event which implies horizontal genetic transfer of hup among preexisting strains of GTI (24) .
Given that the strict correlation between genotype grouping and other traits also exists in B. japonicum populations indigenous to other soils, the IAA production assay provides an efficient method of classifying B. japonicum isolates into GTI and GTII, because the assay is easier and more rapid than other analyses such as nif-specific hybridization, EPS composition, and RT production.
